We fabricate nano-sized superconducting YBa 2 Cu 3 O 7−δ (Y-123) and non-superconducting Y 2 BaCuO 5 (Y-211) powders using carbon nanotubes as template. The mean particle size of Y-123 and Y-211 is 12 and 30nm. The superconducting transition temperature of the Y-123 nanopowder is 90.9 K, similar to commercial, micron-scale powders fabricated by conventional processing. The elimination of carbon and the formation of an high purity superconducting phase both on micro and macro scale, is confirmed by Raman spectroscopy and X-Ray diffraction. We also demonstrate improvement in the superconducting properties of YBCO single grain bulk samples fabricated using the nano-size Y-211 powder, both in terms of trapped field and critical current density. The former reaches 553mT at 77K, with a∼20% improvement to samples fabricated from commercial powders. Thus, our processing method is an effective source of pinning centers in single grain superconductors.
that are mixed together and pressed to form the pellets is crucial in achieving high J c . However, the mean particle size of commercially available powders is typically∼ 1 − 3µm. 16 This is a consequence of their production by conventional solid-state reactions at elevated temperatures. 11, 12 In order to fabricate a more homogeneous, finer powder, research has been carried out on improving the powder melting process, and combining this with ball milling, 17 or wet chemical synthesis of RE-123 or RE-211 precursors (where RE=Nd, Sm, Y). 9, [18] [19] [20] For example, spray-drying 19 and coprecipitation 9 yield micro-structured (1-2 µm) Nd-123 and Y-123 powders with a homogeneous particle size distribution. Even better results may be achieved if the reaction is carried out in a controlled environment. 18, [20] [21] [22] For example, Ref. 20 used solution-based nano-emulsions to produce Y-211 powders with a particle size distribution between 30 and 100 nm (although the superconducting properties of the bulk sample fabricated using this Y-211 were relatively poor). Extensive ball milling is also an effective way of reducing particle size. 23 However, the particle size typically produced by this technique is limited to several hundred nanometers, which is relatively large compared to the coherence length, therefore does not yield optimum flux pinning. Extensive ball milling also introduces impurities into the precursor powder, which complicates the processing and can limit the superconducting properties of bulk (RE)BCO samples fabricated by TSMG.
Carbon nanotubes (CNTs) can be used as templates for the fabrication of wires and tubes of various metals and metal-oxides 24 by filling or coating them with the desired material. [24] [25] [26] [27] The aim of most previous work was to retain the shape/structure of the CNT templates. 24, 27 Here we employ CNTs as template for nano-sized Y-211 and Y-123 powders, then used to fabricate bulk superconductors, but without the need to retain the CNT shape. We obtain Y-123 and Y-211 flakelike structures, rather than a solid, regular coating. These are then ground and calcined to produce nano-sized powders. Y-211 is chosen because it forms effective second phase flux pinning centres in YBCO. 15 We also fabricate Y-123 powders using the same methodology to confirm that carbon is eliminated during the process. This is important because the superconducting transition temperature (T c ) of Y-123 is particularly sensitive to the presence of impurities. 28 Elimination of carbon and the formation of high purity of a superconducting phase on both micro and macro scales is confirmed by Raman spectroscopy and X-Ray Diffraction (XRD). We fabricate YBCO nanostructured powders (Y-211∼30nm and Y-123∼12nm, with T c ∼90.9K) and a bulk sample using the nano-structured Y-211, with a∼20% improvement in J c compared to commercial micron-sized powders. The use of nano-templating to fabricate nano-size phases of secondary inclusions reported here avoids contamination of the precursor powder with impurities, which is an inevitable consequence in powders produced by extensive by ball milling, or by other methods in the top seeded melt growth (TSMG) process. The nano size powders reported here are not only impurityfree, but are also an order of magnitude smaller than precursor powders fabricated by extensive ball milling, with a much closer match to the superconducting coherence length, therefore to optimum flux pinning. Thus, our novel approach is a viable alternative to conventional powder processing, and the nano Y-211 secondary phase formed using nano-templating is an effective source of pinning centres in single grain bulk superconductors.
Results and Discussion
We use multi-wall CNTs (MWNTs) as they can be dispersed using low power sonication in water or other solvents, similar to single wall carbon nanotubes, 29, 30 but offer a significantly cheaper alternative as nano-templates. MWNT powder (Sigma-Aldrich 31 ) is sonicated and centrifuged as discussed in Methods. After the removal of un-exfoliated bundles by centrifugation, the MWNT dispersion is mixed ultrasonically with a Y-123 nitrate aqueous solution. The resulting liquid mixture is then dried (Sample A). The corresponding Y-211-MWNT mixture is prepared following the same approach (Sample B). The fully dried samples are calcined to eliminate nitrates and produce nano-structured powders, Samples A1 and B1. These are ground further and calcined repeatedly until XRD confirms the formation of the Y-123 (Sample A2) and Y-211 (Sample B2) phases. Note that repeated grinding and high temperature calcination, necessary steps for the fabrication of Y-123 and Y-211, increase the particle size significantly. 4, 7, 11, 12 The T c of Sample A2 and commercially available Y-123 powder (99.9% purity) 16 are then compared to assess the Page 4 of 25 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 superconducting properties of Sample A2. The presence of even a small amount of carbon in the Y-123 lattice is known to reduce T c significantly. 32 For example, 0.5wt% carbon would cause T c to decrease by several degrees. 32 Raman spectroscopy of the precursors (A,B) and ground samples (A2, B2) is used to monitor the presence of MWNTs or carbonaceous impurities. Raman spectroscopy also probes the formation of Y-123 and Y-211 phases in A2 and B2.
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YBCO single grains are fabricated from Sample B2 and commercially available Y-123 powder via TSMG. 11, 12 In order to assess the superconducting properties of the samples derived with our new process, a single grain YBCO is also grown by TSMG using commercial Y-123 and Y-211 powders (See Methods for fabrication and characterization details). Unpolarized Raman spectra are acquired at 632.8nm excitation using a Renishaw InVia spectrometer, with a 100X objective. We use this wavelength to enhance detection of carbon species. 33 Figure 2 (a). The G peak is present in any sp 2 carbon material and is due to the relative motion of carbon atoms, regardless of whether they are arranged in rings or chains. 34 Confinement and curvature split this 5 band into G + and G − peaks in single-wall CNTs. 35 However such splitting is not observed in our sample, due to the large diameter of our nanotubes (inner diameter 5-10 nm, outer diameter 10-20 nm). 31 The D peak is a 'breathing mode' of sp 2 bonded carbon atoms in six-fold rings and requires the presence of defects for its activation. 34 The relative intensity of the D to G peaks, I(D)/I(G), can be used to quantify the amount of disorder. 34, 36, 37 Our measured I(D)/I(G) is consistent with that usually reported for the chemical vapor deposited (CVD) MWNTs used here. 38, 39 In the low frequency region, the Radial Breathing Modes (RBMs) are observed. Their position Pos(RBM), is inversely related to nanotube diameter (d) by Pos(RBM)=(C 1 /d)+C 2 . 40 A variety of C 1 and C 2 were proposed for this relation. [40] [41] [42] [43] [44] Here we use C 1 =214.4 cm −1 nm and C 2 =18.7 cm −1 , from Ref. 40 . These were derived by plotting the resonance energy as a function of inverse RBM frequency without any additional assumptions. Given the∼35cm −1 cut off frequency of our notch filter, according to the above relation, we are able to observe RBMs for tubes with diameter <12 nm. Figure 2 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Figure 2(a,b) indicate that the precursor nitrate salt mixtures Y123P and Y211P (prepared as described in Methods) have Raman bands in the low frequency region. These are usually assigned to vibrations of water molecules 45 and nitrate ions. 45, 46 We also observe a peak at∼1045 cm −1 , We then consider the Raman spectra of Samples A2 (Y-123) and B2 (Y-211) and their commercial counterparts, Figure 3 . We do not detect any D or G peaks. We thus conclude that the MWNTs have been completely decomposed during the repeated high-temperature calcination in air. Sample A2 shows peaks in the ∼350-600 cm −1 region, see Figure 4 (b). In general, for YBCO, the modes above∼300 cm −1 are related to oxygen. 50 The unit cell of Y-123 ( Figure 4 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 O (1) Cu (1) O (4) Cu (2) The B2 spectrum is also comparable to commercial Y-211. 50, 58 For a detailed assignment see 8 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Ref. 50 . The peaks∼317, 390, 477cm −1 are due to vibration of O2, O3 oxygen atoms, 50 and that∼600cm −1 is due to vibration modes of O3 oxygen atoms in Y-211. 50, 58 The band∼1169cm −1 in Figure 4 (c) was assigned to low energy electronic excitations of Cu(II) in Y-211. 58, 59 To further study the purity of the superconducting phase, we measure T c of sample A2 and compare it to Y-123, Figure 5 Figure 7 (a) shows the particle size distribution for Y-123 (A2) and Y-211 (B2). We find that A2, on average, consists of 12 nm particles, whereas 30% of the particles in B2 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 are>75 nm. The remainder 70% particles in B2 have an average size ∼30 nm.
The particle size in B2 is also examined in the melt-processed single grain sample, Figure 8 (a), fabricated using B2 with commercial Y-123 as matrix. Figure 8 4, 11, 12, 60 The Y-211 particle size during melt-processing typically increases to between 1 and 5 µm at high temperature (i.e. 1000 • C for > 100 hrs). 61 The comparison between Figure 8(a) and (b) confirms that the particle size of sample B2 remains less than 1 µm. This is due to the nanometer dimensions of the starting B2 powder.
For type II HTS, J c can be determined from: 62
where µ o is the permeability of free space, N is the number of pinning centres in a unit volume, H c is the critical magnetic field, ξ is the coherence length, d is the size of the non-superconducting inclusion (i.e. pinning centre) and B is the magnetic field. Increasing the number of pinning centres in a given volume is necessary to increase J c . 11, 15 We observe smaller particles of Y-211 in Figure 8 (a) compared to Figure 8(b) . Thus, there will be more pinning centres in the YBCO single grain prepared from sample B2 compared to that prepared from commercial Y-211. Therefore we expect the former sample to exhibit higher J c and trapped field. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 60 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57 58 59 In general, for single grain samples fabricated via TSMG, J c varies across the sample. 63, 64 For example, J c is usually the lowest directly under the seed, 63, 64 and gradually increases away from it. 64 The schematic in Figure 9 (a) shows the four specimen positions that we use to measure J c relative to the seed, cut from the slice (shown in light green) taken from the single grain. The axes relative to the sample orientation are also shown. The color-coded plot in Figure 9 Figure 9 (c) plots the average J c from the same four pieces as Figure 9(a,b) . The highest and lowest J c at each point are also shown. We observe a ∼20% improvement in average J c at zero field compared to the sample prepared from commercial Y-211. This improvement is of significant importance for a range of applications, 2 as higher J c supports superconductivity with stronger fields.
Bulk HTS can potentially sustain considerably higher magnetic (trapped) fields than conventional permanent magnets. 2, 4, 65 The trapped field is proportional to J c and the volume of the superconductor. 2, 12, 66 It is more difficult to achieve a higher trapped field compared to higher J c because of the presence of large voids and cracks in the bulk sample 2 which block the super-current. As shown in Figure 10 (a), we record 553 mT trapped field for the single grain 16 mm sample. This is 13 Page 13 of 25 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 ∼20% higher than the sample containing commercial Y-211 (see Figure 10 (b)) and is comparable to that usually obtained from similar samples with 20-25 mm diameter 67 for the same experimental conditions. However, smaller samples are easier to fabricate due to the lower furnace requirements and shorter time of melt-processing. Also, from the application point of view, the bulk superconductor fabricated using sample B2, with its higher trapped field can replace larger samples, e.g. in superconducting bearings, 2 reducing the overall cost and size of implementations.
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Conclusions
We demonstrated a fabrication process to produce nano-sized non-superconducting Y-211 and superconducting Y-123 powders using CNTs as templates. The resulting average particle size is ∼12
and ∼30 nm, respectively. The use of CNTs does not affect neither the superconducting transition temperature, nor the lattice structure. We recorded a trapped field 553 mT for a 16 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 The nitrate powders are dissolved in distilled water at room temperature to yield a final∼0.6mol/litre concentration of Y-123 and Y-211. As a reference, an aliquot of the Y-123 and Y-211 solutions is dried without the MWNTs: Samples Y123P and Y211P, respectively.
Dispersion of CNTs
We use MWNTs with ∼10-20 nm outer diameter and 5-10 nm inner diameter(Sigma-Aldrich, 636525). 31 
Fabrication of superconducting powders using CNT as template
The CNT dispersion is mixed with the YBa 2 Cu 3 O 6.5 and Y 2 BaCuO 5 based nitrate solution (1:4 vol%) using tip ultrasonication (Hielscher) for 10 minutes at 40 W output power. This is then dried in air for 4 days, then calcined in an Ar atmosphere at 600 • C for 10 hours to eliminate the nitrates.
Finally, the powders are calcined repeatedly (three times) at 880 • C for 10 hours in air to eliminate carbon and form the target Y-123 and Y-211 phases.
Fabrication of superconducting single grain using nano-structured Y-211 (B2)
Superconducting YBCO single grains are fabricated via TSMG. 12 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 to 1015 • C at a rate of 120 • C/h, then slow cooled to 975 • C at 0.4 • C/h, and furnace cooled to room temperature. As a result, the diameter shrinks to 16 mm. The sample is then polished using a diamond spray and its microstructure analyzed using a Nikon ECLIPSE ME600 optical microscope. Finally, the particle size of Y-211 is compared with that of a standard sample fabricated using commercially available Y-211.
Measurements of T c , J c and Trapped field
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